This work reports a study into the origin of the high efficiency in solution-processable bilayer solar cells based on methylammonium lead iodide (CH 3 NH 3 PbI 3 ) and [6, 6] -phenyl-C 61 -butyric acid methyl ester (PC 61 BM). Our cell has a power conversion efficiency (PCE) of 5.2% under simulated AM 1.5G irradiation (100 mW cm
Introduction
Low-temperature solution-processable solar cells are becoming more attractive as they offer a viable alternative to conventional solar cells fabricated via vacuum-based or high-temperature processes for large-scale, high-throughput and cost-effective manufacturing on exible plastic substrates. Despite the reported high performances, solar cells based on ternary or quaternary metal chalcogenides 1,2 and dye-sensitized solar cells 3 generally require high-temperature processes ($400 C), restricting their compatibility with low heat-resistant polymer substrates. By contrast, organic/hybrid solar cells can be readily fabricated at low temperatures. 4, 5 Hybrid solar cells, which combine the advantages offered by both organic and inorganic materials, are also highly versatile in terms of the device structure they can adopt. Depending on how the photoactive layer is constructed, two basic solar cell device architectures can be obtained, i.e. bulk heterojunction (BHJ) and bilayer heterojunction. Bilayer solar cells have the merit of a more direct charge transport pathway at the expense of poorer exciton dissociation as compared to their BHJ counterpart. Furthermore, the bilayer solar cell with its simple architecture, essentially consisting of a stack of two photoactive layers, provides an inexpensive and straightforward platform for device fabrication without the necessity for extensive morphological optimization.
Very recently, semiconductors with the perovskite structure (ABX 3 ) have become a popular class of materials for solar cells.
Hybrid organic-inorganic lead halide (e.g. CH 3 NH 3 PbX 3 , X ¼ halogen) perovskites with good intrinsic optoelectronic properties have been synthesized and used for photovoltaic cell applications. [6] [7] [8] [9] [10] [11] These hybrid perovskites are also commonly, perhaps inappropriately, referred to as organometal halide/ trihalide. The highest efficiency of perovskite solar cells to date was 15.4% reported by Liu et al. which has a planar heterojunction architecture with vapour-deposited perovskite sandwiched between TiO 2 and spiro-OMeTAD. 12 In another study, Lee et al. demonstrated that CH 3 NH 3 PbI 2 Cl in conjunction with spiro-OMeTAD could work as both a light absorber and an electron conductor. 8 On the other hand, Etgar et al. demonstrated that CH 3 NH 3 PbI 3 can act simultaneously as an efficient light harvester and transport holes in CH 3 NH 3 PbI 3 / TiO 2 hybrid heterojunction solar cells. 9 It is also possible to ne-tune the bandgap of CH 3 NH 3 PbX 3 by varying the chemical composition of the material, resulting in a range of device performance and stability. 10 Despite the great excitement in the solar cell eld, the application of CH 3 NH 3 PbX 3 for lowtemperature-processable solar cells is very limited at present. The previous reported works mostly employ mesoporous oxide layers and hole blocking layers that require high-temperature processing. Hence, an avenue towards the utilization of these materials for low-temperature processable solar cells has to be identied. The pairing of CH 3 NH 3 PbX 3 with the other electron acceptors other than inorganic metal oxides also has not been much explored and hence, investigation of alternative materials may open up new possibilities in this area. Bilayer devices provide a straightforward platform to assess the compatibility between CH 3 NH 3 PbX 3 and novel acceptor materials. Furthermore, due to the versatility of organometal halides in transporting both holes and electrons, it is possible that with the right combination of materials, bilayer devices based on organometal halides will perform efficiently. Very recently, Eperson et al. demonstrated that a CH 3 NH 3 PbI 3Àx Cl x based solar cell containing no mesoporous layer with well controlled morphology can achieve a PCE above 10%, which shows planar heterojunction perovskite solar cells have the advantage of simple architecture hence ease of fabrication.
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In this contribution, we demonstrate the outstanding planar device performance and investigate the origin of the high efficiency in these solution-processable solar cells based on methylammonium lead iodide (CH 3 NH 3 PbI 3 ) and [6, 6] obtained. To date, this is the most efficient low-temperature solution-processable bilayer solar cell. The high performance of our device is found to be the result of the high internal quantum efficiency (IQE) of close to 100%, indicating that almost every absorbed photon can be successfully converted to free charge carriers that can be efficiently collected at the electrodes. Besides the appealing facile all-solution-processability, we note that our bilayer device is also ultrathin and can be processed at low temperatures (<150 C) rendering it compatible with exible substrates and lightweight applications.
Results and discussion
Methylammonium lead iodide (CH 3 NH 3 PbI 3 ) lm was formed via spincoating of an equimolar mixture of CH 3 NH 3 I and PbI 2 precursor solutions. The lm was heat-treated at 100 C and was further characterized by X-ray diffraction (XRD). Fig. 2 shows a bright eld cross-sectional transmission electron microscope (TEM) image of our device and a high resolution TEM (HRTEM) image of the crystalline CH 3 NH 3 PbI 3 layer. The ultrathin cross-sectional sample was prepared using a focused ion beam (FIB). In the TEM image (Fig. 2a) , distinct layers with different features and contrast can be observed, conrming that our fabricated devices indeed have a planar junction architecture with a small donor-acceptor interface area. While previous work on organolead halide only employs this material deposited on inorganic meso-superstructures, [6] [7] [8] 10, 11 we note that a standalone compact CH 3 NH 3 PbI 3 lm can also be implemented for solar cells. Essentially, our CH 3 NH 3 PbI 3 layer has great similarity to the solid organolead halide "capping layer" observed by Ball et al. 17 The thin layer of CH 3 NH 3 PbI 3 contains many dark spots corresponding to high atomic number crystalline material. The adjacent bright layers, below and above the CH 3 NH 3 PbI 3 layer, are PEDOT:PSS and PC 61 BM. As observed, PC 61 BM forms a continuous layer on CH 3 NH 3 PbI 3 and the interface between them is not diffuse. Similar features with reversed contrast can be seen in the annular dark-eld scanning transmission electron microscopy (ADF-STEM) image (ESI, Fig. S2 †) . The HRTEM image of the CH 3 NH 3 PbI 3 layer (Fig. 2b ) reveals lattice fringes, which correspond to the planes from the intercalating PbI 2 and CH 3 NH 3 I, surrounded by some amorphous regions. The lattice planes correspond to those observed by XRD (ESI, Fig. S1 †). The darker contrast observed could indicate either a few overlapping crystallite planes or the existence of planes with different orientations. Unlike crystalline CH 3 NH 3 PbI 3 quantum dots previously reported to form on TiO 2 surfaces, 16, 18 we note that our deposition yields polycrystalline regions throughout the CH 3 NH 3 PbI 3 lm. From Fig. 2a , it can be seen that both the CH 3 NH 3 PbI 3 and the PC 61 BM layers have a thickness of 50 AE 5 nm, which agrees well with the thickness measured using a surface prolometer. It is also noticeable that our CH 3 NH 3 PbI 3 / PC 61 BM bilayer is signicantly thinner than the previously reported systems on organolead halide perovskite (>300 nm). To further conrm the material in each distinct layer and to verify that no interdiffusion occurs in the bilayer device, EDS spectra were collected from all the layers as shown in ESI Fig. S3 . †
We note that the interface between PEDOT:PSS and CH 3 NH 3 PbI 3 , which is analogous to the other hybrid Schottky diodes, [19] [20] [21] could potentially act as heterojunction for exciton dissociation due to the existence of an internal electric eld at the interface. In that case, the holes are transferred to the Fermi level (E F ) of PEDOT:PSS, while the electrons are transferred to the conduction-band minimum (E C ) of CH 3 NH 3 PbI 3 . In order to investigate these possibilities, we performed steady state photoluminescence (PL) measurements on CH 3 NH 3 PbI 3 only, CH 3 NH 3 PbI 3 /PEDOT:PSS and CH 3 NH 3 PbI 3 /PC 61 BM bilayers. As indicated in ESI Fig. S4 , † the PL intensity is quenched by a factor of 4 when coupled with the PEDOT:PSS layer and is further quenched by an additional factor of 3 in the CH 3 NH 3 PbI 3 /PC 61 BM heterojunction. This evidently indicates the efficacy of both junctions in splitting the excitons generated in CH 3 NH 3 PbI 3 with PC 61 BM being a superior electron acceptor, which agrees with the recent nding by Abrusci et al.
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To determine the feasibility of PC 61 BM as electron acceptor in our planar heterojunction conguration, we compared CH 3 NH 3 PbI 3 perovskite devices with and without a PC 61 BM layer. The devices were not based on our optimized fabrication conditions. The current density-voltage (J-V) characteristics of their respective devices are provided in ESI Fig. S5 . † In the absence of PC 61 BM, the ITO/PEDOT:PSS/CH 3 NH 3 PbI 3 /Al device does not exhibit any meaningful power that could be extracted from the fourth quadrant of the light J-V characteristic graph. The fact that there is no signicant photovoltaic characteristic observable in the ITO/PEDOT:PSS/CH 3 NH 3 PbI 3 /Al device, despite the reported ambipolar characteristics of organolead halide and its use as an n-type transporter, 8, 17, 23 suggests that either the PEDOT:PSS/CH 3 NH 3 PbI 3 interface is less efficacious in promoting exciton dissociation and charge transfer, which correlates with the PL data, or the positioning of the electronic levels of the device components is unfavorable for both charge transport and collection. On the other hand, the device with the PC 61 BM layer demonstrates typical photovoltaic behavior with a short-circuit current (J SC ) of 5.961 mA cm À2 , open-circuit voltage (V OC ) of 0.832 V, ll factor (FF) of 0.671 and power conversion efficiency (PCE) of 3.33%. The lack of efficient exciton dissociating interfaces in the absence of n-type PC 61 BM in one of the devices compared to the other is responsible for the remarkable difference in device performance of the two types of devices.
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The thickness of CH 3 NH 3 PbI 3 layers can be controlled by varying the concentration of the organolead halide solution and the deposition parameters. The best performing device was obtained using a 9 wt% precursor solution and no interlayer was applied between the PC 61 BM and the Al. Fig. 3a demonstrates the J-V characteristics of our best CH 3 in the visible region, it is possible to form a sufficiently thin yet strongly absorbing lm, which is crucial to a bilayer device.
Furthermore, the optical bandgap of CH 3 NH 3 PbI 3 (E g z 1.5 eV) corresponds well to the bandgap requirement of an ideal single p-n junction solar cell. 32 The absorption of the organolead halide perovskite extends throughout the UV-visible region with an absorption onset at ca. 790 nm (Fig. 4a) . The CH 3 NH 3 PbI 3 lm exhibits an absorption peak at ca. 360 nm and a "shoulder" band at ca. 480 nm. On the other hand, the CH 3 NH 3 PbI 3 /PC 61 BM bilayer, in which both layers have a similar range of thickness, exhibits superposed absorption characteristics of its constituents. The broad absorption window overlapping with the maximum irradiance of the solar spectrum ensures efficient photon harvesting, which may eventually lead to a high photocurrent. Fig. 3b shows the active absorption, external quantum efficiency (EQE) and internal quantum efficiency (IQE) curves from our best CH 3 NH 3 PbI 3 /PC 61 BM device. The absorption was measured directly on an ITO/PEDOT:PSS/CH 3 NH 3 PbI 3 /PC 61 BM/ Al bilayer device based on the technique proposed by Burkhard et al., 33 as detailed in the ESI. † The parasitic absorption spectra and the derivation of the active layer absorption are shown in ESI Fig. S7 . † The CH 3 NH 3 PbI 3 /PC 61 BM absorption characteristics obtained from the device via the semi-empirical approach slightly differ from those acquired from the bilayer lm alone (Fig. 4a) . It is plausible that optical interference effects induce the wavelength-dependent exciton generation proles to have maxima at different spots in the device (ESI, Fig. S8 †) . Consequently, the fraction of photoabsorption in each layer is different, attributed to the alteration of the "effective" absorption of the bilayer. As shown in Fig. 3b , the CH 3 NH 3 PbI 3 /PC 61 BM device exhibits an EQE (charge extracted per incident photon), as high as 41% at ca. 570 nm. The integration of EQE spectra yields J SC of 8.04 mA cm
À2
, approximately <2% different from the value measured under AM 1.5G illumination. The measurement of IQE, i.e. charge extracted per photon absorbed, provides some insight into the possible operating mechanism of our CH 3 NH 3 PbI 3 /PC 61 BM bilayer device and the origin of the high PCE thereof. It decouples the contribution of photon absorption and is a practical gauge in assessing the effectiveness of bilayer architecture to generate photocurrent. The IQE can be written as
where h ED is exciton diffusion efficiency, h CT is charge transfer efficiency and h CC is charge collection efficiency. The IQE is conventionally larger than the EQE, which is also observed in our bilayer device (Fig. 3b) 
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The surprisingly high IQE in our bilayer device can be explained by evaluating the three factors that IQE is dependent on. Firstly, the exciton diffusion length (L D ) is comparable to the thickness of the perovskite layer ($50 nm). In comparison, the L D in conjugated polymers is reported to be in the range of 2-10 nm. [34] [35] [36] Besides, the exciton lifetime (s) in pure CH 3 NH 3 PbI 3 powder is exceptionally high, up to 78 ns; 6 while s for singlet excitons in organic semiconductors is much shorter (<5 ns).
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The combination of these two effects means that the excitons in the CH 3 NH 3 PbI 3 lm can travel a longer distance before decay, increasing their likelihood of reaching the heterojunction to dissociate into free electron-hole pairs.
Secondly, there is an efficient charge transfer from the CH 3 NH 3 PbI 3 to the PC 61 BM at the interface. This is evident from the efficient photoluminescence (PL) quenching of CH 3 NH 3 PbI 3 (>90%) in the presence of PC 61 BM (Fig. 4b) . The efficient PL quenching at the CH 3 NH 3 PbI 3 /PC 61 BM interface, which is comparable to that observed in nanoscale phase-separated polymer-fullerene BHJs, 38,39 is indicative of an efficient exciton diffusion in CH 3 NH 3 PbI 3 to the dissociating interface, followed by an efficient electron transfer to the fullerene phase. The exciton binding energy (E b ), which greatly impacts the efficiency of exciton dissociation and charge transfer, was elucidated through temperature-dependent photoluminescence (PL) Fig. 4 (a )) yields an exciton binding energy of 19 AE 3 meV. This indicates that an electric eld is still required to dissociate all the excitons generated but as this value is much lower than that of typical organic semiconductors (>100 meV), 40 the electric eld required to split the excitons is much lower. The overall driving force to promote exciton dissociation and electron transfer from the CH 3 NH 3 PbI 3 donor to the PC 61 BM acceptor is provided by the energy offset between the conduction-band minimum (E C ) of CH 3 NH 3 PbI 3 and the lowestunoccupied molecular orbital (LUMO) of PC 61 BM. From the energy level diagram (Fig. 1b) , it can be seen that the energy offset (DE ¼ 0.27 eV) is more than 10-fold higher than the E b of CH 3 NH 3 PbI 3 , suggesting that the internal eld at the heterointerface is indisputably sufficient for exciton dissociation. This results in a nearly instantaneous exciton splitting at the interface preceding the electron transfer to the fullerene phase. Furthermore, the deep LUMO level of C 60 derivatives tends to induce high electron affinity towards electron donating materials, promoting a favorable charge transfer.
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The holes in CH 3 NH 3 PbI 3 and the electrons in PC 61 BM eventually dri towards the anode (ITO) and cathode (Al), respectively.
Thirdly, it is important to consider the long-range charge transport and efficient charge collection. The subsequent charge transport is also not an issue as the pathways of holes to the anode and electrons to the cathode are well dened and continuous. On top of that, the high hole mobility (m h z 0. 17 Therefore, the charge recombination in our CH 3 NH 3 PbI 3 /PC 61 BM bilayer device is expected to be low.
Besides a high J SC , the other two factors responsible for the highly efficient CH 3 NH 3 PbI 3 /PC 61 BM bilayer device are its impressive V OC and FF. The high V OC of 0.824 V is comparable to those reported for "champion" organic solar cells based on low bandgap materials, e.g. PTB7:PCBM (V OC ¼ 0.74 V), 44 PBDTTT-CF:PCBM (V OC ¼ 0.76 V) 45 and PCDTBT:PCBM (V OC ¼ 0.88 V). 28 In comparison, wide bandgap P3HT only gives a V OC of $0.6 V when coupled with PCBM. 46 Coincidentally, the V OC of CH 3 NH 3 PbI 3 /PC 61 BM lines up agreeably in comparison with the abovementioned devices, following the monotonic trend of highest-occupied molecular orbital (HOMO) or valence-band maximum (E V ) levels of the donor materials (i.e. À5 eV, À5.15 eV, À5.22 eV, À5.43 eV and À5.5 eV for P3HT, PTB7, PBDTTT-CF, CH 3 NH 3 PbI 3 and PCDTBT, respectively). It has been reported that the V OC of blend organic solar cells is empirically governed by the following relationship
where E donor HOMO is the HOMO level of the donor and E acceptor LUMO is the LUMO level of the acceptor. 47 Since CH 3 NH 3 PbI 3 has a deep-lying E V (or HOMO-equivalent) level, the device is expected to yield a high photovoltage. Our result also emphasizes the feasibility of estimating the V OC of both metal halide perovskite/ fullerene bilayers and blend devices. Our CH 3 NH 3 PbI 3 /PC 61 BM bilayer solar cell has a magni-cent FF of up to 0.774 and is among the highest reported for solution-deposited solar cells. This value is remarkable as highly efficient solution-processable solar cells with wellengineered electrode interfaces so far have only shown FF values of 0.60-0.72. 4, 45, 48 By contrast, we did not apply any electron-transport layer (ETL) to assist charge collection. The high FF indicates that the charge transport and collection of the bilayer solar cells are very efficient, corresponding well with the high IQE. It also implies that the charge recombination in this bilayer system is not an efficiency-limiting issue. It is well known that the FF parameter is closely related to both the series resistance (R s ) and the shunt resistance (R sh ) of solar cells. From the slope of the J-V curve around the open-circuit and shortcircuit regions, R s and R sh are calculated to be 6.4 U cm 2 and 1.6 kU cm 2 , respectively. The low R s is usually associated with efficient charge transport with negligible charge accumulation and recombination. Throughout this contribution, we have shown that in our bilayer solar cell device based on an ITO/PEDOT:PSS/ CH 3 NH 3 PbI 3 /PC 61 BM/Al conguration, CH 3 NH 3 PbI 3 works as the main light absorber, electron donor (D) and p-type (hole) conductor, while PC 61 BM acts as the electron acceptor (A) and n-type (electron) conductor. The photogenerated excitons in the CH 3 NH 3 PbI 3 layer get dissociated at the D/A interfaces. The holes in the CH 3 NH 3 PbI 3 and electrons in the PC 61 BM eventually dri towards and are collected at the anode (ITO) and cathode (Al), respectively. The PC 61 BM also helps in preventing a direct contact between the highly conductive CH 3 NH 3 PbI 3 ($10 À3 S cm À3 ) 9 and the top electrode. The PEDOT:PSS layer essentially smoothens the ITO surface and assists the hole transport from CH 3 NH 3 PbI 3 to ITO. It is also demonstrated that a PCE in excess of 5% could be obtained from the bilayer CH 3 NH 3 PbI 3 /PC 61 BM device. In comparison, solutiondeposited organic solar cells with discernible planar interfaces usually suffer from poor PCEs (<2%) attributed to the short exciton diffusion length. 49, 50 It is necessary to differentiate between pure bilayer and "pseudo" bilayer; the latter manifests from either a thermally driven interdiffusion between both layers [51] [52] [53] or a simple sandwiching of a heterogeneous layer between two homogeneous layers. 54, 55 Due to the difference in device geometry, i.e. a lack of well-dened planar heterointerfaces, "pseudo" bilayer devices are not comparable with these CH 3 NH 3 PbI 3 /PC 61 BM bilayer devices.
Despite the remarkable performance, it is imperative to point out that the CH 3 NH 3 PbI 3 absorption in our bilayer system is yet to be optimized. As seen earlier, the EQE obtained from our CH 3 NH 3 PbI 3 /PC 61 BM bilayer device is noticeably lower than the reported values for the other organolead halide perovskite devices (EQE > 60%), 7, 8, 10 and this likely due to our poorer perovskite absorption. We surmise that the enhancement in optical absorption should lead to higher EQE and hence J SC . To attest this hypothesis, similar devices were prepared with thicker CH 3 NH 3 PbI 3 lms (110 AE 5 nm) on PEDOT:PSS following the procedures reported by Burschka et al. 11 This approach involves two-step deposition of each organolead halide precursor, as opposed to the one-step deposition of the mixture of precursors previously employed. A signicant improvement in photocurrent was observed as shown in Fig. 6a . The device showed a J SC of 10.829 mA cm À2 , V OC of 0.905 V, FF of 0.756 and PCE of 7.41%. This is nearly twice as high as the results obtained by Jeng et al. with a comparable device structure. 25 The higher J SC is also conrmed by a much higher EQE of 65% at ca. 550 nm (Fig. 6b) . Liu et al. reported J SC in excess of 20 mA cm À2 with an organolead halide layer of more than 300 nm. 12 Therefore, further enhancement in J SC , which is the pivotal parameter in our PCE improvement, can be expected for our bilayer system if the main absorber layer, i.e. CH 3 NH 3 PbI 3 , is made even thicker. Besides absorption optimization, it will also be interesting to couple organolead halide perovskite with the other types of fullerene derivatives, with either better absorption characteristics to induce higher photocurrent or better energetics to improve photovoltage. Lastly, for long-term practical use of bilayer devices, they should be subjected to stability tests to validate their reliability.
Conclusions
In summary, we have demonstrated a pure bilayer CH 3 NH 3 PbI 3 / PC 61 BM solar cell which has excellent performance with a PCE of 7.4%, the best reported to date for an all-solution-processable planar heterojunction device. The active layer is sufficiently thin (<100 nm) and the device can be fabricated with lowtemperature processes (<150 C). Furthermore, a bilayer system is also desirable due to its simplicity in processing. The high performance of the bilayer device can be attributed to the high IQE of close to unity (100%), suggesting that the exciton diffusion, charge transfer and charge collection are highly efficient. The high ll factor of 77% is also one of the best reported for organic and hybrid solar cells. Through further optimization of photon harvesting, an improvement in PCE to beyond 10% is within reach.
Experimental section

Materials
Methylammonium iodide (CH 3 NH 3 I) was synthesized according to reported procedures. 16 To prepare the organolead halide perovskite precursor solution, as-synthesized CH 3 NH 3 I powder and lead(II) iodide powder (PbI 2 , Aldrich) were mixed in anhydrous dimethylformamide (DMF, Aldrich) with a weight ratio of 1 : 3. The suspension (9 wt%) was stirred overnight at 60 C.
Prior to device fabrication, the precursor solution was ltered with a 0.45 mm PVDF lter. [6, 6] -Phenyl-C 61 -butyric acid methyl ester (PC 61 BM) was purchased from Nano-C®. PC 61 BM (10 mg mL
À1
) was dissolved in a solvent mixture of anhydrous chlorobenzene (CB, Aldrich) and anhydrous chloroform (CF, Aldrich) (CB : CF ¼ 1 : 1 v/v). All materials were used directly without purication. 
Device fabrication and characterization
Materials characterization
Optical absorbance spectra of perovskite lms on quartz and total reectance of the device were measured using a UV-vis-NIR spectrophotometer (Shimadzu UV-3600) with an integrating sphere (ISR-3100). The internal quantum efficiency (IQE) of the device was calculated according to the reported literature. 33 The total absorption of the device was calculated from the measured reectance spectrum of the device. Parasitic absorption was calculated using a transfer matrix formalism to evaluate the absorptions not in the active layer. For the modeling, the refractive indices (n, k) of the materials were either obtained from the literature or measured with an ellipsometer. The active absorption from the active layer was obtained by subtracting the modeled parasitic absorption from the total absorption. Aer-wards, the IQE was calculated based on the measured EQE and the active absorption.
The crystal structure of the CH 3 NH 3 PbI 3 perovskite lm was investigated with an X-ray diffractometer (XRD, Bruker D8 Advance) equipped with a Cu-K a X-ray tube. The acquisition was carried out in the range in q-2q mode with a scan angle of 1 using a step size of 0.04 and a time step of 3 s. The surface morphology of the perovskite was imaged with tapping-mode atomic force microscopy (AFM, Asylum MFP-3D-BIO). An Al reex coated AFM probe (Olympus AC240TS) with a spring constant of 2 N m À1 and tip radius of 9 nm was used. TEM cross-section samples were prepared using a standard li-out procedure in a dual-beam FEI Helios focused ion beam (FIB) workstation. Two consecutive protective layers of $100 nm of electron-beam-deposited Pt and $1 mm of ion-beam-deposited Pt were used to avoid degradation of the samples due to Ga 2+ implantation during milling. Coarse FIB milling was carried out using a 30 kV ion beam, while nal milling was performed at 5 kV ion energy. The angular dark-eld scanning transmission electron microscope (ADF-STEM) imaging was performed in a FEI Helios electron microscope (15 kV FEG) and high-resolution transmission electron microscope (HR-TEM) images were obtained using a Philips CM20 TEM (200 kV, FEG) and a FEI Titan (300 kV, FEG). The EDX characterization was performed using a Philips CM20 TEM and an EDAX detector. The thickness of the CH 3 NH 3 PbI 3 lm was measured with both an Alpha-Step proler (KLA-Tencor) and an AFM.
For time-integrated photoluminescence (PL) measurements, the light source was a Coherent Legend™ regenerative amplier (150 fs, 1 kHz, 800 nm) that was seeded by a Coherent Vitesse™ oscillator (100 fs, 80 MHz). 600 nm, 150 fs laser pulses were generated from a Coherent TOPAS-C optical parametric amplier. The laser pulses were directed to the lms which were put in vacuum. The uence was kept to a minimum of $1.3 mJ cm À2 per pulse to avoid any second order effects in the dynamics. The emission from the samples was collected at a backscattering angle of 150 by a pair of lenses and into an optical ber that was coupled to a spectrometer (Acton, Spectra Pro 2500i) to be detected by a charge-coupled device (Princeton Instruments, Pixis 400B). To determine the exciton binding energy, the temperature dependent PL was conducted with the same experimental geometry but with a continuous excitation light source (532 nm, $1 mJ cm À2 ).
